Background: Systemic lupus erythematosus (SLE) is a systemic autoimmune disease, which exhibits multiple B cell abnormalities including expanded populations of memory B cells and elevated levels of autoantibodies. Belimumab is a monoclonal antibody targeting the B cell cytokine BAFF (a.k.a. BLyS), approved for the treatment of SLE. Methods: In this prospective cohort study, B cells from peripheral blood of 23 SLE patients initiating belimumab treatment and followed longitudinally for up to three years, were assessed using mass cytometry. Findings: B cells decreased during the study period, with a rapid decrease of both naïve and CD11c
Introduction
Systemic lupus erythematosus (SLE) is a heterogeneous systemic autoimmune disease, characterised by considerable morbidity and premature mortality [1, 2, 3] . B cells are central in the pathogenesis and autoantibody formation to nuclear antigens is a hallmark of the disease [4] . Genetic associations also underline the importance of B cells [5] , and levels of the B cell survival and maturation cytokine B lymphocyte stimulator (BLyS), also known as B cell activating factor belonging to the TNF family (BAFF) or TNFSF13B, are elevated in patients with SLE [6, 7] .
Belimumab (Benlysta, GlaxoSmithKline) is a recombinant human IgG1-λ monoclonal antibody that specifically binds to soluble BAFF and is approved for the treatment of active SLE despite ongoing standard of care treatment. Its efficacy has been demonstrated in two phase III randomised, placebo-controlled clinical trials [8, 9] , with anti-double stranded (ds)DNA antibody positive patients showing better responses [10] .
Previous studies have demonstrated, by flow cytometry, that treatment with belimumab reduced CD20 + B cells, but did not affect T cells or pre-existing antibodies to pneumococcal and tetanus vaccines [11, 12] , and provide a first insight into the immunological effects of this biologic agent. In the current real-life prospective observational study, we sought to perform a deeper characterisation of B cell alterations following therapy by studying both earlier time points as well as a longer time span as compared to the clinical trials. Hereby we could discriminate early and late B cell alterations in patients with SLE during belimumab treatment and analyse these changes in relation to clinical responses. For this, we made use of mass cytometry (CyTOF), a multi-parametric, single-cell approach allowing the redefinition of cell subsets based on unbiased clustering and dimensionality reduction.
Material and methods

Subjects
Twenty-three patients with moderately active SLE despite standard of care treatment from the Karolinska University Hospital, in whom treatment with belimumab was initiated upon clinical judgement of the treating physician, were enrolled between 2011 and 2015. The patients received belimumab intravenously at weeks 0, 2, 4 and every fourth week thereafter, and were followed longitudinally with visits at baseline and at months 3, 6, 12, 24, 36 and 48, or more frequently if clinically indicated. All patients fulfilled the 1982 revised criteria [13] and the Systemic Lupus International Collaborating Clinics criteria [14] for classification of SLE. Baseline characteristics are presented in Table 1 .
In addition, 19 patients with RRMS and ten healthy controls were enrolled between 2014 and 2015. The RRMS group consisted both of patients switching from a previous therapy (n = 11) and treatment naïve patients (n = 8). All treatment experienced patients switched from interferon-beta, except for one who switched from fingolimod with a 6 months washout. All patients were sampled both at baseline immediately before starting DMF and after six months. DMF was initiated with 120 mg BID for two weeks and then 240 mg BID for the remaining study period.
The regional ethics review board at Karolinska Institutet, Stockholm, Sweden approved the study protocol. Written informed consent in accordance with the declaration of Helsinki was obtained from all participants prior to enrolment.
Clinical evaluation
Disease activity was assessed by the SLE Disease Activity Index (SLEDAI) 2000 (SLEDAI-2K) [20] , British Isles Lupus Assessment Group (BILAG) index [15, 16] , and Physician's Global Assessment (PGA) on a 100 mm visual analogue scale (VAS) [17] and according to the Safety of Estrogens in Lupus Erythematosus National Assessment (SELENA)-SLEDAI PGA (scored 0-3; [18] ).
Response to treatment was defined in line with the SLE responder index (SRI; [19] as (i) a reduction of ≥4 points in SLEDAI-2K, (ii) no new BILAG A or no N1 new BILAG B, and (iii) no deterioration in PGA by ≥30 mm. Low disease activity was defined according to the Lupus Low Disease Activity State (LLDAS) as a SLEDAI-2K ≤ 4, no activity in major organ systems, no haemolytic anaemia or gastrointestinal activity, no new SLE activity compared with the previous assessment, a SELENA-SLEDAI PGA ≤ 1, a current prednisone equivalent dose ≤ 7.5 mg/day, and well tolerated standard maintenance doses of immunosuppressive drugs and approved biologic agents [20] .
Cell analyses
Heparinised blood samples were prospectively collected at baseline and at all follow-up visits and peripheral blood mononuclear cells (PBMCs) were cryopreserved following Ficoll density gradient centrifugation. The PBMC samples were analysed by a CyTOF2 (Fluidigm Inc., South San Francisco, CA, USA) mass cytometer (cytometry by time-offlight, CyTOF) and the CyTOF software version 6.0.626 with noise reduction using a lower convolution threshold of 200, event length limits of 10-150, a Sigma value of 3 and a flow rate of 0.045 mL/min. Two million thawed PBMCs from each sample were stained directly ex vivo using a panel of 30 different metal-tagged antibodies, the majority of them against B cell related proteins (Table S1 ). The procedure comprised two CyTOF2 runs: a pilot run including baseline and follow-up PBMC samples from five patients and a second run including samples from 18 patients. Cell counts were corrected by the absolute lymphocyte count at the respective visit by dividing with the number of informative B cells and T cells and multiplying with the number of informative cells for the cell type of interest.
Bead-based normalisation of CyTOF data was applied for correction of signal fluctuations [21] 
Research in context
Evidence before this study
Belimumab is a recent biologic therapy, approved in 2011 for treating the autoimmune disease SLE. This agent neutralises the B cell cytokine BAFF and has been shown to primarily impact on naïve B cells. Different B cell subsets have been implicated in SLE and lately the so-called age (or autoimmunity)-associated B cells (ABCs) have been associated to autoantibody production and disease manifestations.
Added value of this study
We studied the B cell composition of SLE patients undergoing belimumab treatment, using a technique called mass cytometry where we measured~30 cell markers and performed hypothesis-free analyses to gain an unbiased view of B cell alterations longitudinally (up to three years) after treatment start. We observed both rapid and slow changes in the B cell composition. Two types of B cell clusters tracked the pace of positive therapy response: surface IgA-positive B cells and CD11c
, and it is likely that they represent the so-called age (or autoimmunity)-associated B cells (ABCs).
Implications of all the available evidence
It may be possible to predict therapy response by studying B cells at base line, but therapy response may develop gradually. It is reassuring that the SLE-associated ABCs are also affected by BAFF-blockade given their implication in disease pathogenesis. Flow cytometry was performed for confirmatory purposes. Cryopreserved PBMC samples from one of the SLE patients (baseline) and a healthy control were thawed, and the cell suspensions were stained for 30 min at 4°C in PBS containing 0.5% human serum with mouse anti-human monoclonal antibodies. The complete panel of antigens is presented in Table S2 . Dead cells were excluded using 7-aminoactinomycin D (BioLegend Inc., San Diego, CA, USA). Flow cytometric analysis was carried out using an LSRFortessa cell analyser (BD Biosciences, San Jose, CA, USA), and data were processed using FlowJo software (FlowJo LLC, Ashland, OR, USA). To distinguish cells expressing an antigen from cells lacking expression of the respective antigen, the cut-off was determined by fluorescent minus one (FMO) controls [22] .
Serologic markers
Anti-dsDNA antibodies were determined by the Crithidia luciliae substrate based immunofluorescence technique [23] and by addressable laser bead immunoassay (ALBIA), using the Connective profile MX 117 FIDIS kit (Theradiag, Paris, France).
Dimensionality reduction and cell subset clustering
For phenotypic B cell subset separation based on marker distributions, we performed Barnes-Hut t-distributed stochastic neighbour embedding (t-SNE) reducing high-dimensional phenotypes into a twodimensional space, using the Automatic Classification of Cellular Expression by Nonlinear Stochastic Embedding (ACCENSE) software, with a perplexity value of 30 [24] . The PhenoGraph algorithm was used for clustering [25] . Each dot in the resulting t-SNE plot corresponds to one cell, and is coloured according to the expression of the indicated markers. Colour channels were assigned the value 0.2 + expression value (v)·0.8/maxv if v N 0, or 0.05 if v = 0 (maxv: the largest v for the marker in the plot). CMY colour space was converted to RGB using R = round(255· (1-C) ), G = round(255·(1-M)) and B = round (255· (1-Y) ). To perform principal component analysis, we added 0.1 to all values, log-transformed them and applied the R function prcomp.
Correlations of marker expression with time
Expression values were transformed to a new value (nv) using 2 + log 2 (min(0.25, original value)). For marker combinations, we calculated a combination value using nv(M1)·nv(M2) for the marker combination M1 + inherits a strong change due to the expression of IgD rather than the combination. Benjamini-Hochberg correction for multiple comparisons was applied.
Statistical analyses
For comparisons of baseline cell counts between patient subgroups with regard to treatment response, we used the Mann-Whitney U test, and as a control for multiple testing, we randomised the patient-tovalue assignment and ascertained that the resulting P-values were higher. Missing data were addressed by exclusion of the respective occasion from analysis; no assumption principle was applied. In cases where patients were lost to follow-up, they contributed in the analyses up until the last occasion. The SPSS Statistics 23 software (IBM Corp., Armonk, New York, USA) was used for baseline characteristics and receiver operating characteristic (ROC) curve analyses, the python package SciPy for correlation analyses, and the paired.r function from the R psych package for comparisons of correlations.
Data and software availability
Mass cytometry data and code which was used for analysis will be deposited at: https://github.com/danielramskold/B_cell_alterations_ during_BAFF_inhibition_in_SLE (Github) and http://dx.doi.org/10. 17632/7894wb6yxh.1 (Mendeley Data).
Results
Visualisation and clustering of B cell subsets
Longitudinally collected peripheral blood samples (n = 96) from 23 SLE patients undergoing BAFF neutralising treatment with belimumab were included in our study (Fig. 1A) . We utilised mass cytometry and focused our analyses on CD20 + B cells. As a first step, we visualised the entire data set following t-SNE dimensionality reduction into twodimensional space, which clustered cells with similar phenotypes in an unbiased manner and displayed the diversity of the B cells (Fig. 1B) . The same dataset was also visualised based on the expression of IgD and CD27 (Fig. 1C ), corresponding to naïve and memory B cells respectively. As expected, the SLE patient samples comprised of a large proportion of memory phenotype (CD27+) B cells (in green). This was strikingly different as compared to the healthy control sample ( The clusters characterised by a predominant CD11c expression evoked our interest from the t-SNE plots based on their position outside of the main naïve and memory subsets. One of these (#4 + 8; Fig. 1A and D, S1, S2 and S3) most probably corresponds to the B cell subtype designated as age-associated B cells [26, 27, 28] , as it lacked CD21 expression and displayed low expression of CD27. Another small but distinct and novel B cell cluster co-expressed CD14 and CD11c (#26, Fig. 1B and D, S1E). Furthermore, yet another cluster was characterised by expression of CD57 (#6, Fig. 1B and D, S1C, S4A), a terminal differentiation marker commonly studied in the context of T cells [29, 30, 31] and NK cells [32] . This CD57 cluster was enriched for CD27 expression but otherwise not characterised by any specific combination of other markers (Fig. S4C) . We used flow cytometry to confirm this unexpected B cell phenotype in baseline samples from five of the SLE patients, whereby we consistently saw a small but distinct CD57 + B cell population (Fig. S4B) . Moreover, we used a cohort of patients with relapsingremitting multiple sclerosis (RRMS) to replicate our data. This cohort (n = 19) consisted of patients who initiated treatment with dimethyl fumarate (DMF; Tecfidera, Biogen) with sampling at baseline and at 6 months after start of therapy. The cell samples were analysed with the same B cell panel in the same CyTOF facility as our SLE cohort. As shown in Fig. S5 , a significant expansion of CD57 + B cells compared to healthy controls (n = 10; P = .000013, Mann-Whitney U test)) was evident also in this autoimmune disease, which was diminished upon therapy with DMF (P = .00084, Wilcoxon signed rank test). Given the concerns that t-SNE may form false clusters [33] , we set out to replicate the observed clusters by principal component analysis (PCA) (Fig. S4) . We could recreate both the CD14 + CD11c + and the consistent with the lack of other marker expression differences for these cells (Fig. S4C ).
Leucocyte subset composition following treatment
To exploit the longitudinal design of our study, we next investigated changes during follow-up using t-SNE plots for B cells from baseline samples and the first two follow-up visits (three and six months), and hereby a gradual loss of naïve IgD + CD27
− B cells ( Fig. 2A , depicted in purple) could be observed. This loss of naïve B cells also continued during the later time points, as visualised in t-SNE plots from five SLE patients (Fig. S3A) . We further investigated alterations of well-described leucocyte populations for the entire study period (Fig. 2B-J, S3A-B) . We observed a consistent overall decrease of B cells (Fig. 2B) , significant already at the first follow-up visit, replicating observations from previous clinical trials [11, 12] . To increase the granularity of our data, we subdivided the B cells into subsets with distinct maturation and differentiation markers; namely naïve B cells (IgM ) and CD11c
) B cells, whereas double-negative ( Fig. 2D ; P = .033) memory B cells showed a more modest decline, which occurred at later time points. The two CD57 + clusters observed in the t-SNE plots ( Fig. 1D ; clusters #6 and #25) showed a continuous decrease over time ( Fig. S3B ; P = .02). In contrast, switched memory B cells showed no decline (Fig. 2E) . Despite their scarcity in peripheral blood, we also investigated plasma blasts (CD19 +-
CD38
+ CD27 + CD20 − ), without detecting any significant alterations ( Fig. 2G ; P = .72). Finally, no significant changes were observed in monocytes ( Fig. 2H ; P = .73), helper T cells ( Fig. 2I ; p = .45), or cytotoxic T cells ( Fig. 2J ; P = .22). In addition to this hypothesis-based analysis, we also visualised B cell subset changes for each one of the t-SNE clusters in Fig. 1B and noted similar trajectories (Fig. S3B) . Next, we returned to unbiased analyses and explored the correlation between protein expression levels and time on treatment, divided into early (months 0-3), intermediate (months [3] [4] [5] [6] and late (months 6-36) time intervals (Fig. 3A) . In order to detect expression grade changes, we also analysed the geometric mean marker expression rather than positive cell counts (Fig. S6 ). The changes were distinctly different across the three time-intervals. Several markers were affected by treatment during early time points, showing moderate to strong correlations with time, while only a few markers showed changes in the later time intervals. More specifically, IgD + (naïve) B cells continued to decrease within the intermediate time interval while CD27 showed a positive correlation. It is worth noting that mean expressions were calculated over the background of decreasing overall numbers of B cells; therefore, a positive correlation at late time points do not necessarily correspond to an increase in total CD27 + B cell counts. No significant changes were detected in the same analysis for T cells (Fig. S7A ).
Since changes in marker expression over time might in several cases represent a phenotypic alteration within a cell type rather than transition into another cell type, we next sought to identify marker combinations representing B cell subtypes. We did this in two ways. The first approach was hierarchical clustering based on expression level (Fig. 3B ). This analysis indicated that the decrease of IgD, IgM, Ki-67 and CD38 at months 0-3 represents the loss of naïve and proliferating B cells, which are BAFF dependent. This is followed by a parallel increase of CD27, CD25 and CD19. Such an increase of CD19, but not CD20 further supports the preferential loss of naïve B cells and the relative resilience of memory B cells to belumimab. Additionally, we also found a cluster of B cell expressing activation markers (HLA-DR, CD22, CD39), and a cluster of B cells expressing CD21, CXCR5 and CD44, both of which displayed an apparent decrease during BAFF inhibition as seen in Fig. 3A . Overall, the analysis exhibits a decrease of markers which are associated with naïve, activated and proliferating B cells, indicating that those B cells were most sensitive to the action of belumimab. Figure 1A for the number of datapoints. In the second approach, we created heat maps illustrating time correlations for pairs of markers, in order to identify cell subset alterations over time (Fig. 3C, S8A-C) . Decreasing numbers of naïve B cells were visualised as a clustering of IgM and IgD at both early (months 0-3) and intermediate (months 3-6) time points, and CD21 and CXCR5 still displayed co-expression in this analysis. Of note, some B cell subsets did not appear as a separate cluster in this analysis, e.g. transitional B cells since CD24, CD38 and IgM were neither strongly co-expressed on the same cells nor contiguous in hierarchical clustering of the markers. In the individual marker analysis (Fig. 3A) , CD38 displayed an increase during late time points, despite an initial decrease during months 0-3. We further explored this in the pair analysis, and CD38 was strongly co-expressed with CD21 and CD22 at early time points (Fig. 3C) , whereas it showed a mutually exclusive expression pattern with CD21 and CD22 at later time points (Fig. S8C) . Thus, the early decrease of CD38 presumably corresponds to the changes in naïve B cells, and the late increase corresponds to a CD38
cell subtype, most likely transitional B cells (Fig. S8D) , which was resistant to belimumab treatment (Fig. S8E) . Together with the cell type time plots in Fig. 2B -J, these results delineate a stepwise change in the B cell composition during belimumab treatment, with less differentiated cell types being affected early, presumably resulting in cascade effects of cell subtypes of later differentiation stages decreasing subsequently. Combining unbiased and targeted approaches, we were also able to distinguish changes in cell phenotypes from cell subset alterations. E.g. CD57 and CD11c showed moderate increases during months 3-6 ( Fig. 3A) , while the CD57 +
CD11c
+ cluster observed in t-SNE ( Fig. 1D; cluster #25, Fig. 1B ) displayed a decrease during the same time interval (Fig. S3B) , and CD57 and CD11c were not co-expressed at either early or later time points (Fig. S8A-C) , altogether implying a relative increase in the expression of these markers rather than numerical alterations in the CD57 + CD11c + B cell cluster.
B cell alterations and SLE disease activity
To investigate B cell alterations in the context of disease activity, we next repeated the correlation analysis of individual markers, this time with SLE Disease Activity Index 2000 (SLEDAI-2K; [34] ) scores normalised for baseline values (Fig. 4A) . Disease activity showed a rapid early and a continuous gradual decrease during follow-up (Fig. 4B) . Early immunological changes correlated with clinical improvements, but not immune changes during the later time points. Interestingly, despite only moderate alterations in CD11c expression during months 0-3 (Fig. 3A) , decreasing CD11c expression correlated with decreasing SLEDAI-2K (Fig. 4A) .
Concurrently with decreasing SLEDAI-2K and decreasing levels of markers for naive B cells (Fig. 3A) , levels of anti-dsDNA autoantibodies also decreased at early, but not at later time points (Fig. 4B) . The changes in anti-dsDNA levels also correlated with the immunological changes observed at early time points (Fig. 4B) .
B cell alterations and clinical response to treatment
In addition to disease activity, we analysed the observed changes in cell subsets in relation to clinical response to treatment. It is worth noting that essentially all patients responded to treatment immunologically; e.g. all but one patient showed immediate reductions of naïve B cells.
Most patients attained a clinical response (Fig. 5A) . Of the 23 patients, 19 patients met the SLE Responder Index (SRI; [19] ) criteria (median time from baseline: 3.6 months; IQR: 2.9-12.2 months), 3 patients did not, and in one case the SRI was not applicable (baseline SLEDAI-2K score: 2). Similarly, 18 of 23 patients attained Lupus Low Disease Activity State (LLDAS; [20] ) during the study period, though after a longer time from treatment initiation (median: 12.0 months; IQR: 6.3-24.1 months).
At the 24-month follow-up, 11 of the 17 patients still being on treatment fulfilled the LLDAS criteria. We observed lower baseline B cell counts in patients who attained LLDAS at month 24 compared to patients who did not (P = .003), whereas baseline total lymphocyte counts did not differ between the two groups (P = .301) (Fig. 5B) . ROC-curve analysis confirmed that higher baseline B cell counts were predictive of non-attaining LLDAS at month 24, with an area under the curve (AUC) of 94.5% (95% confidence interval (CI) 0.830-1.00; P = .006). The optimal threshold value was 155 cells/μL and yielded a specificity of 90.9% and a sensitivity of 100% for predicting failure to attain LLDAS through month 24. The respective AUC for baseline lymphocyte counts was 66.7% (95% CI 0.388-0.946; P = .269) (Fig. 5C) . Although baseline B cell counts were superior in distinguishing patients attaining LLDAS from non-responding patients, naïve B cells (P = .027) and switched memory B cells (P = .027) were also found to be lower in patients who attained LLDAS, whereas levels of double-negative memory B cells (P = .090), CD11c + CD21
− B cells (P = .320), plasma blasts (P = .497) and total T cell counts (P = .583) did not differ between the two groups (Fig. S9A) .
We further compared correlations of individual markers with time on treatment between early SRI responders, late responders and non-responders. As treatment outcomes may influence the time on treatment, we restricted this analysis to samples from the first year of treatment. Several surface markers appeared to differ between early and late SRI responders, with late responders showing greater changes, especially in IgA expression. IgA was primarily co-expressed with CD27 in a distinct t-SNE region ( Fig. 5E; Fig. 1B , clusters #7 and #17), representing IgA + switched memory B cells. We found prominent differences in how this B cell subset was altered during follow-up between early (blue) and later (green) clinical responders, delineated in Fig. 5F . Due to the significant difference of CD11c expression change between early and late responders, we also plotted the CD11c + CD21 − B cells over time in the different SRI response groups. Indeed, these age-associated-like B cells decreased rapidly and remained low in early responders, decreased more gradually in late responders, and were unaltered in non-responders (Fig. 5G) . This pattern was absent in the same analysis for total B cell counts, implicating B cell subtype specificity (Fig. S9C ).
Discussion
We investigated alterations in leucocyte populations and subsets during anti-BAFF treatment with belimumab in 23 patients with SLE using mass cytometry (CyTOF). Patients with SLE represent a heterogeneous group where the peripheral blood composition can deviate considerably from that of healthy individuals [35] . Indeed, the SLE patients in our cohort displayed a large fraction of memory B cells and pronounced cell differentiation. These features became even more prominent following treatment, as belimumab had rapid deleterious effects on B cells of earlier developmental stages, especially naïve B cells, while later stage B cells were more resilient to alterations and were only affected at late time points.
The combination of CyTOF data and longitudinal clinical assessments using validated SLE measures enabled us to analyse immunological changes during BAFF inhibition in relation to not only disease activity, but also several well-defined clinical outcomes. We combined unbiased with hypothesis-based approaches to analyse the data and identified both unexpected B cell phenotypes and B cell subsets associated to outcome measures following treatment with belimumab.
In previous studies, belimumab treatment led to decreased numbers of CD20 + B cells but did not significantly affect T cells [9, 11, 12] .
Subdividing the B cells, naïve and double-negative memory B cells were reported to continuously decrease in numbers [11, 12] while plasmablasts decreased at later time points and switched memory B cells showed no changes in a study by Jacobi et al. [12] and an initial expansion with a subsequent return to baseline levels in a study by Stohl et al. [11] . In the same study, Stohl et al. demonstrated preservations of pre-existing antibodies to pneumococcal and tetanus vaccines, but decreasing plasma cell numbers [11] . We similarly observed a rapid decrease of naïve B cells, a gradual decrease in double-negative memory B cells, and no significant impact of belimumab on T cells. In contrast, the initial expansion of class-switched memory B cells was not replicated in our cohort, and we found no significant changes in plasmablast numbers, in contrast to previous reports of decreases in plasmablasts/ plasma cells. [11] or CD27 bright CD38 bright cells for both plasma cells and plasmablasts [12] , in our study we used the marker combination CD19 + CD27
+-
, which possibly could explain this discrepancy. In addition to replicating some previous data sets in our real-life clinical prospective study we also report novel data with regard to the early time point of diminished naïve B cells and the sensitivity to belumimab therapy of several additional B cell phenotypes and subsets. We were also interested in studying age-associated B cells (ABCs), a recently described B cell subset, characterised by a gradual accumulation with age, in chronic inflammatory diseases, or following repeated viral infections [26, 27] . Recently, Wang et al. [28] demonstrated that the majority of the CD11c hi B cells in SLE express the transcription factor T-bet and can hence be assigned to the ABC subset. Intriguingly, these cells were implicated in disease manifestations as they were found present in affected kidneys and produced autoantibodies upon stimulation. Our panel only included some ABC-related markers (unfortunately not T-bet). We observed decreases in ABC-like cells already at early time points, with continuous gradual and significant decreases over time, which is consistent with previous reports of age-associated B cells expressing cell surface receptors for BLyS/BAFF [27, 28] [29, 30, 32, 36] . In the context of B cells, CD57 expression has to date only been implicated in specific types of B cell lymphomas [37, 38, 39, 40] , which together with the findings in the current study renders support for a role in disease state. Notably, expansion of a CD57 + B cell cluster was not restricted solely to SLE patients as this finding was replicated in a cohort of RRMS patients. Furthermore, the CD57 B cell cluster was diminished in RRMS patients starting treatment with DMF, a disease modulatory treatment for RRMS associated with activation of transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2) [41] , as well as with B cell subset alterations [42] . Knowing that CD57 expression increases with age and chronic infections, at least in the context of NK cells [32] , these B cells might share common characteristics with age-associated B cells. We also distinguished a group of cells expressing CD11c, CD14 and low levels (compared to T cells) of CD4 among the CD20 + B cells, however we did not investigate these sufficiently to exclude that they instead are monocytes. In line with the previously reported decrease in activated B cell counts [11] , we found decreasing expression of HLA-DR and CD22, common activation markers. B cell alterations occurred in two phases, a rapid early and a more gradual late phase. In contrast, anti-dsDNA levels showed mostly rapid decreases following treatment initiation, whereas SLE activity decreased rapidly and continued to decrease during later time points. Interestingly, clinical improvements showed correlations with immunological changes at early time points only. Thus, clinical improvements observed at later time points might reflect preceding immunological alterations. This might have direct implications in the clinical use of belimumab; since immunological changes continued to occur during later stages, especially regarding late stage B cells, early treatment evaluation and discontinuation might result in underestimation of delayed clinical effects as a possible consequence of these late B cell changes.
High baseline B cell counts were found to predict unfavourable treatment outcomes, unlike total lymphocyte counts. In clinical praxis, it is common to test for lymphocyte counts, but B cell counts are seldom assessed. Our results suggest that evaluation of B cell counts might prove useful prior to initiation of belimumab treatment, and, as previously speculated upon [11, 43, 44] , they also favour the notion that B cell depletion preceding belimumab might be an effective therapeutic strategy in cases of high B cell counts. Our belimumab cohort has also been clinically evaluated as part of a larger Swedish SLE cohort (without cellular studies) whereby cigarette smoking and organ damage predicted reduced treatment efficacy [45] .
The low number of patients and the observational nature of our study were among its main limitations. Additionally, the study population was mainly of Caucasian origin; our findings may therefore not be applicable in SLE populations of other ethnic origins. We admittedly lack a straightforward validation cohort. Still, since our samples needed to be run on two separate occasions given the large number of them (n = 96) we could sub-analyse the two runs for consistency; as can be seen in Fig. S10 , most of the changes we observed in the entire cohort were also visible in the sub-runs. Moreover, we had access to a cohort of multiple sclerosis patients undergoing therapy with dimethyl fumarate and we could here validate the CD57 phenotype in another inflammatory autoimmune disease setting. With regard to other weaknesses in our study, belimumab is indicated as an add-on drug to standard of care therapy, and the patients were on concomitant treatments with other drugs, including corticosteroids, which might have contributed to the patients' aberrant leucocyte subset composition. It is worth nothing that corticosteroid dosages were actively reduced during treatment with belimumab. Major strengths were the long observation time, the systematic clinical assessment with validated indices at regular visits, and the unbiased principles in several of our analyses. Utilisation of mass cytometry facilitated the use of a broad antigen panel for B cells, resulting in deeper understanding of cell subtype alterations during treatment with belimumab, and also in the identification of B cell subsets with novel attributes.
To conclude, belimumab treatment had rapid effects on naïve B cells and B cells of earlier developmental stages while B cells of later stages showed delayed or no responses. The immunological changes betided in two distinct phases, a rapid early and a gradual late phase, whereas SLE activity showed a continuous decrease. Early treatment evaluation and discontinuation might underestimate delayed clinical improvements resultant of late B cell changes.
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